The potential for simultaneous sludge minimization and enhanced biological phosphorus removal ͑EBPR͒ in Cannibal solids reduction processes was investigated. To simulate a Cannibal-EBPR system, a sequencing batch reactor ͑SBR͒ operated with anaerobic and aerobic cycles was coupled with an anaerobic sidestream bioreactor, which received mixed liquor from the SBR and returned the same amount of treated sludge back to the SBR. The biomass yield in the Cannibal-EBPR system was estimated to be 0.16 mg volatile suspended solids ͑VSS͒/mg chemical oxygen demand, which represented a 16-33% reduction in solids production compared to a Control-EBPR system operated with a 10-day solids retention time, for which conventional digestion of excess sludge was assumed. Regarding EBPR, greater than 98% phosphorus removal was sustainable in the Cannibal-EBPR system, but a mass balance on total phosphorus could not be closed, with nearly 33% of the phosphorus unaccounted. The fate of the missing phosphorus could not be resolved.
Introduction
Activated sludge is a widely used technology for the biological treatment of municipal and industrial wastewater. Using different reactor configurations, the process can be optimized for biological removal of nitrogen and phosphorus, in addition to the effective removal of organic matter and suspended solids ͑Grady et al. 1999; Metcalf and Eddy 1994͒ . In all cases, the stable operation of an activated sludge plant relies on routinely removing a large amount of excess sludge from the system to reach a desired solids retention time ͑SRT͒ and a targeted volatile suspended solids ͑VSS͒ concentration. The treatment of excess sludge is expensive and may account for 25-65% of the plant operation cost ͑Saby et al. Chen et al. 2001; Cui and Jahng 2004͒ . Hence, strategies for the minimization of excess sludge production are becoming attractive from environmental and economical perspectives, but so far have been limited to situations where nutrient removal is not a treatment objective.
Three main sludge reduction strategies have been proposed in recent years ͑reviewed by Ødegaard 2004͒, namely enhanced pretreatment of the influent wastewater, sludge solubilization and recirculation within the system, and reduction of the net sludge yield. The pretreatment of primary influent by the addition of coagulants could result in significant reduction in biological excess sludge but may also cause an increase in primary sludge production ͑Mels et al. 2003; Ødegaard 1998͒ . Sludge solubilization by mechanical ͑Tiehm et al. Chiu et al. 1997͒, chemical ͑Liu 2003 Böhler and Siegrist 2004͒, or thermal ͑Ødegaard et al. 2002; Kepp et al. 2000͒ means, followed by the recirculation of the solubilized material back into the activated sludge basin, are attractive alternatives that need to be evaluated based on comparing cost savings from sludge minimization versus the cost involved in implementing the solubilization process. The last type of sludge minimization approach relies on achieving a net reduction on the sludge yield by either metabolic inhibitors ͑Mayhew and Stephenson 1998͒, chemically stimulated energy spilling ͑Chen and Liu 1999͒, or by subjecting the sludge to alternate feast and fasting periods ͑Chudoba et al. 1992͒. The Cannibal activated sludge process is a relatively new solids reduction system claimed to decrease the net sludge yield by treating a portion of the return activated sludge in a sidestream bioreactor that is supplied with very limited aeration and is essentially maintained anoxic ͑Sheridan and Curtis 2004͒. Mixed liquor from the sidestream reactor is returned back into the activated sludge basin, which is typically configured with anoxic and aerobic sections ͑or stratified dissolved oxygen͒ usually for purposes of nitrogen removal and energy efficiency. In municipal wastewater treatment applications, the only routine withdrawal of solids from a Cannibal system is through a solids separation module that preferentially removes influent nonbiodegradable organics and fine inert material ͑Sheridan and Curtis 2004͒.
The objectives of this study were: ͑1͒ to experimentally determine the extent of sludge minimization that could be achieved in a lab-scale Cannibal system; and ͑2͒ to explore the possibility of combining sludge minimization with biological phosphorus removal in Cannibal processes. To achieve the aforesaid objectives, the activated sludge portion of the lab-scale Cannibal system was operated as an enhanced biological phosphorus removal ͑EBPR͒ process. 
Materials and Methods

Bench-Scale Systems
Two 2-L bench-scale sequencing batch reactors ͑SBRs͒ were used to simulate a Cannibal-EBPR system and a Control-EBPR reactor ͑Fig. 1͒. The SBRs were operated with 6-h cycles ͑total 4 cycles/ day͒ consisting of three stages. Stage I was a 2-h anaerobic period that included the input of synthetic wastewater 5 min after the initiation of the stage. Anaerobic conditions were maintained by constantly bubbling the mixed liquor with nitrogen gas at a rate of 1 L / min. Stage II was a 3-h aerobic react period during which the mixed liquor was constantly supplied with air ͑1 L / min͒ to maintain dissolved oxygen concentrations above 5 mg/ L. Stage III corresponded to 55 min of settling followed by a 5 min decant period. The operation of pumps and the delivery of gases to the SBRs were automated with digital timers ͑Chron-trol, San Diego͒. In addition, the pH of the mixed liquor was maintained at 7.0± 0.2 by adding acid or base using an automated pH controller ͑Cole Palmer, Vernon Hills, Ill.͒. At the end of each cycle, 670 mL of supernatant were decanted from the reactor, and an equal volume of synthetic wastewater was provided at the beginning of the next cycle. With a 2 L capacity in each SBR, this corresponded to a hydraulic retention time ͑HRT͒ of 18 h.
The Control-EBPR system was operated with a target SRT of 10 days. This was accomplished by automatically removing and discarding 1 / 10 of the volume occupied by the settled sludge blanket at the end of each SBR cycle. In the Cannibal-EBPR system, an anaerobic chemostat was used to simulate the anoxic sidestream bioreactor ͑Fig. 1͒. Anaerobic conditions in this chemostat were maintained by constantly bubbling nitrogen gas through the mixed liquor and by creating a small positive pressure in the headspace of the reactor.
As in the Control-SBR, 1 / 10 of the settled biomass was also automatically removed from the Cannibal-SBR at the end of each cycle. However, this sludge was not discarded, but fed into the attached anaerobic chemostat, from which an equivalent volume of mixed liquor was taken and returned to the SBR reactor at the beginning of each cycle. The target HRT in the anaerobic chemostat was 10 days. Because biomass accumulated with this operational mode ͑i.e., no net sludge removal͒, the volume of settled biomass transferred from the Cannibal-SBR to the anaerobic chemostat increased over time ͑to maintain the target removal from the SBR at one tenth of the biomass͒, and therefore, to maintain an HRT of 10 days in the anaerobic chemostat, the volume of the chemostat was increased in response to the larger volumes of settled biomass being transferred. Volume increases were implemented via transient periods in which the volume of mixed liquor returned to the SBR was less than the volume received from the SBR. 
Analytical Methods
Total suspended solids ͑TSS͒ and VSS were measured in accordance with standard methods ͑APHA-AWWA-WPCF 1985͒. Dissolved phosphate and COD were quantified using the ascorbic acid ͑APHA-AWWA-WPCF 1985͒ and Hach's low range COD ͑HACH, Loveland, Colo.͒ methods, respectively. Total phosphorus was quantified using standard method 4500-PE ͑APHA-AWWA-WPCF 1985͒, which requires digestion of the sample with persulfate at 120°C for 30-40 min, followed by neutralization of the samples and detection of solubilized orthophosphate using the ascorbic acid method.
Results and Discussion
Operation of Bench-Scale Reactors
The key parameters monitored in the SBRs during the operation of the lab-scale reactors were soluble phosphate, soluble COD, TSS, and VSS. These measurements are summarized in Fig. 2 . In the sidestream bioreactor of the Cannibal-EBPR system, we only monitored the concentration of TSS and VSS, as shown in Fig. 3 . In addition, Fig. 3 also depicts the volume of the sidestream reactor, as it changed during the operational period.
The operation of the SBR systems included two distinct phases that are relevant for the estimation of sludge yields and EBPR performance. Phase I was the startup period for both systems, while Phase II corresponded to the operation of one system as a Cannibal-EBPR and the other system as a Control-EBPR. An analysis of each operational phase follows.
Phase I
During the start-up phase, we seeded both SBRs with mixed liquor collected from the activated sludge basin of a full-scale Cannibal system and operated both systems without a sidestream bioreactor. Our strategy for the startup of lab-scale EBPR reactors is to: ͑1͒ initially feed the reactors with diluted influent ͑i.e., 50% dilution͒; and ͑2͒ operate the systems without any removal of sludge. Accordingly, during the first 20 days of operation, both reactors were fed with synthetic wastewater containing one half of the concentrations described in Materials and Methods, and sludge wasting was not started until Day 35.
The full-scale samples had extremely high solids concentrations, which is reflected in the initial TSS and VSS measurements shown in Figs. 2͑c and f͒. The solids concentration in both SBR reactors dropped during the first 10 days of operation, mostly because a significant fraction of solids left the reactors with the effluent. After reaching concentrations as low as 1,800 mg VSS/ L, solids accumulated again in the reactors for a period of 15 days because the sludge had acquired good settling properties and was not being lost with the effluent anymore. After initiating withdrawal of waste activated sludge ͑WAS͒ in both reactors at Day 35, the solids concentration dropped again and stabilized around 3,500 mg VSS/ L.
By the end of Phase I, both SBRs were experiencing greater than 75% phosphorus removal, greater than 98% COD removal, and had stable concentrations of VSS and TSS ͑Fig. 2͒.
Phase II
This phase starts with one of the SBR reactors converted to a Cannibal-EBPR system by bringing in line the anaerobic chemostat, which received 1 / 10 of the SBR biomass and returned an equivalent volume of mixed liquor into the SBR ͑Fig. 1͒. The anaerobic chemostat had an initial volume of 500 mL, and was seeded with mixed liquor collected from the anoxic sidestream bioreactor of the full-scale Cannibal system. The other SBR reactor served as the Control-EBPR system, and its operation was similar to the operation mode at the end of Phase I.
Throughout Phase II, the concentration of solids in the SBR of the Control-EBPR ͓Fig. 2͑c͔͒ remained stable, averaging 3,300± 500 mg VSS/ L ͑based on n = 18 measurements͒, while the solids concentration in the SBR of the Cannibal-EBPR system ͓Fig. 2͑f͔͒ steadily increased during this operational phase, reflecting the change from non-Cannibal ͑i.e., WAS discarded͒ to Cannibal mode of operation ͑i.e., SBR biomass treated in sidestream anaerobic chemostat and returned to the SBR͒. As shown in Fig. 3͑a͒ , the concentration of solids in the anaerobic chemostat also increased during this phase of operation. Concomitant with the increase of solids in the SBR was an increase in the volume occupied by the sludge after settling. Since the experimental design aimed at maintaining the removal of biomass, from both SBRs, at one tenth of the sludge present in the SBRs, there was an obvious increase in the volume of biomass interchanged between the SBR and the anaerobic chemostat. In turn, this increase in interchanged volume meant that in order to maintain the HRT of the anaerobic chemostat at the target of 10 days, it was necessary to increase its volume. The stepwise volume increments implemented are presented in Fig. 3͑b͒ .
The average effluent soluble phosphate concentrations in the Control-EBPR and Cannibal-EBPR reactors during Phase II were 1.5± 2.0 mg PO 4 -P/L ͑n =18͒, and 0.3± 1.0 mg PO 4 -P/L ͑n =18͒, respectively, demonstrating that regardless of the mode of operation, both systems achieved good phosphorus removal. Besides the differences in biomass accumulation in both reactors, other notable differences were the significant gains in COD removal and phosphate release in the anaerobic stage of the Cannibal-SBR, as shown in Figs. 2͑e and d͒, respectively. The gains in anaerobic phosphate release can be attributed to an increased population of 3D polyphosphate accumulating organisms ͑PAOs͒ capable of performing the EBPR cycle, which is likely a consequence of the increase in the amount of biomass in the system. The increase in anaerobic COD removal reflects the improved capacity of the Cannibal system to convert COD to polyhydroxyalkanoate storage during anaerobic incubation. Most interestingly, since 83% of the COD in the influent was from peptone, the gains in anaerobic COD removal are likely caused by an increase in the population of microorganisms capable of fermenting peptone, which could be the direct result of bringing fermenting organisms enriched in the anaerobic chemostat back into the SBR.
Calculation of Sludge Yields
From the mixed liquor solids data collected in the Cannibal-EBPR system during Phase II ͓Figs. 2͑f͒ and 3͑a͔͒ and the char- acteristics of the influent wastewater, it is possible to estimate an observed biomass yield for the Cannibal system. Fig. 4 shows the data points and the linear regressions used to estimate the yields in the SBR and the anaerobic chemostat. In this figure, the solids data are normalized by the total amount of COD entering the reactor per day. Hence, the slopes of the linear regression lines correspond to observed sludge yields. Accordingly, for the Cannibal-SBR the observed yield on VSS and TSS bases was estimated to be 0.06 mg VSS/mg COD and 0.08 mg TSS/mg COD, respectively. The same type of calculations for the anaerobic chemostat resulted in yield estimates of 0.10 mg VSS/mg COD and 0.11 mg TSS/mg COD ͓Fig. 4͑b͔͒. Thus, the overall observed yield for the Cannibal-EBPR system was 0.16 mg VSS/mg COD or 0.19 mg TSS/mg COD, which correspond to the sum of the estimated yields from both reactors.
For comparison, the observed sludge yield for the control reactor can be calculated based on the amount of solids wasted per day and the influent COD load. On VSS and TSS bases, the estimated observed yield was 0.43 mg VSS/ mg COD or 0.50 mg TSS/ mg COD, respectively. Although these yields would indicate that the Cannibal system achieved a 63 and 62% solids reduction on VSS and TSS bases, respectively, a direct comparison of yields is not appropriate, as the presence of the anaerobic chemostat in the Cannibal-EBPR system provides a mechanism of solids destruction that was not present in the Control-EBPR reactor. A better comparison would result if the potential solids destruction achieved by digestion of WAS from the control-EBPR system is taken into account. Conventional anaerobic digestion provides solids reduction in the range of 45-55%. Thus, the expected yields for the Control-EBPR system would be between 0.24 and 0.19 mg VSS/ mg COD, which are 1.50 and 1.19 times larger than the observed yield in the Cannibal-EBPR system, respectively. The destruction of nonvolatile solids in an anaerobic digestor is presumably not as efficient as the destruction of VSS. Thus, assuming that 20-30% of the nonvolatile solids in the WAS are also eliminated during digestion, the estimated sludge yield on a TSS basis is between 0.30 and 0.24 mg TSS/ mg COD, or on average 1.58 and 1.26 times larger than the yield of the Cannibal-EBPR system, respectively.
Using these figures, it follows that the Cannibal-EBPR system achieved 16-33% reductions in VSS and 21-37% reductions in TSS when compared to a Control-EBPR operated with a 10-day SRT, when anaerobic digestion is assumed to be used for treatment of the WAS produced by the Control-EBPR system.
It is arguable that this comparison is not adequate, since the SRT of the two systems is not similar. Perhaps a more appropriate comparison would be with a control system operated as an extended aeration system with a high SRT. In the absence of such control experiment, we can use the results from Phase I to estimate observed yields from solids buildup during the operation of the SBR reactors with no WAS withdrawal ͑Days 9-37 in Fig. 3͒ , an operational mode that to some extent resembles an extreme extended aeration process with an infinite SRT ͑assuming negligible biomass losses with the effluent͒. Using the same type of analysis as illustrated in Fig. 4 , the estimated yield, on VSS and TSS bases, was 0.19 mg VSS/mg COD and 0.22 mg TSS/mg COD, respectively, which are 1.19 and 1.16 times the yields estimated for the Cannibal-EBPR during Phase II. Thus, compared with an extended aeration mode of operation, the Cannibal-EBPR system appears to achieve 16 and 14% solids reduction, based on VSS and TSS, respectively.
Phosphorus Removal
An intriguing aspect in the operation of the Cannibal-EBPR system during Phase II is the fate of phosphorus in the system. Since the system was operated without any net sludge withdrawal, it is expected that the phosphorus removed from the wastewater will accumulate in the reactors. Fig. 5 presents a mass balance of phosphorus during Phase II for the Cannibal-EBPR system. Measurements of total phosphorus in the mixed liquors of the SBR and the anaerobic chemostat 13 days after the beginning of Phase II ͑Day 78͒ revealed concentrations of 233 and 352 mg P/ L, respectively. Taking into account reactor volumes, the total mass of phosphorus in each reactor was estimated to be 466 and 193 mg P, respectively, as shown in Fig. 5 . With an influent phosphate concentration of 9.2± 0.2 mg PO 4 -P/L ͑n =23͒ and a total influent volume of 2.68 L / day, the rate of phosphorus input into the system was 24.7± 0.4 mg PO 4 -P / day. In addition, measurements of effluent total phosphorus throughout Phase II averaged 8.7± 6.1 mg P/ day ͑n =13͒, and the amount of phosphorus that was removed from the system with mixed liquor samples taken for analytical tests was estimated to be only 2.7 mg P/ day. Thus, in Fig. 5 , the expected rate of P accumulation in the Cannibal system is represented by a line with a slope corresponding to the net phosphorus load ͑i.e., 24.7− 8.7− 2.7= 13.3 mg P/ day͒, which takes into account total phosphorus losses via effluent and sampling.
When the expected accumulation of phosphorus during Phase II is compared to the measured phosphorus content of the biomass at different times during this phase ͑Fig. 5͒, the net input of phosphorus cannot be accounted for in the mixed liquors of the SBR and the anaerobic chemostat. The cumulative losses of total phosphorus after a period of 45 days were 415 mg P, representing 33% of the expected phosphorus accumulation.
For the Control-EBPR reactor, a better mass balance on P was achieved. Similar to the Cannibal-EBPR, the total phosphorus input was 24.7± 0.4 mg P/ day. The estimated P losses through WAS and effluent averaged 22.1± 3.5 mg P/ day ͑n =14͒ and 3.3± 2.2 mg P/ day ͑n =14͒, respectively. Thus, all the phosphorus entering the reactor could be accounted for in the effluent and the WAS.
The reason for the inability to close a mass balance on phosphorus in the Cannibal-EBPR reactor is not clear. One possible explanation is that the analytical methods used to measure total phosphorus were inadequate at recovering all the phosphorus present in the samples. The standard method used ͑SM 4500; APHA-AWWA-WPCF 1985͒ relies on hot digestion of the sample with persulfate to convert insoluble forms of phosphorus into reactive orthophosphate, which is then colorimetrically measured ͑APHA-AWWA-WPCF 1985͒, so it is plausible that the conditions used for sample digestion or the postdigestion processing of the samples affected the estimates of total phosphorus. There is precedent in the literature for the potential underestimation of total phosphorus when using SM 4500 on samples that contain inorganic and organic particles. Zhou and Struve ͑2004͒ reported that neutralization of samples after persulfate digestion, which is required in SM 4500, could decrease the estimate of total phosphorus. They demonstrated the significance of this interference in surface water samples collected from the Everglades and analyzed by different laboratories using EPA approved methods for total phosphorus, which have procedures that slightly differ on sample processing post-persulfate digestion ͑Zhou and Struve 2004͒. Apparently, Al and Fe hydroxides formed in neutralized samples facilitated the adsorption and/or precipitation of phosphorus, effectively reducing the estimates of total phosphorus concentrations. Precipitation of phosphorus with Ca was not detected on the Everglades samples, but Zhou and Struve ͑2004͒ did not rule out this possibility on other water samples.
Morton et al. ͑2003͒ also reported decreases in total phosphorus measurements after post-persulfate neutralization of samples, in experiments in which particulate forms of phosphorus were added to deionized water. In mixed liquor samples, the potential for the formation of phosphorus precipitates or for phosphorus adsorption on metal hydroxides after neutralization of persulfate-digested samples could be dependent on the concentration of ions present in the wastewater. However, to our knowledge, the extent of this analytical problem in samples from activated sludge reactors has not been systematically evaluated. Nevertheless, the good mass balance achieved with the Control-EBPR system suggests that SM 4500 was adequate to quantify polyphosphate and other biologically bound phosphorus in the mixed liquor of this reactor. So, for this systematic analytical error to be responsible for the observed losses in total P, the Cannibal reactors should have had a higher concentration of cations than the Control reactor, which is possible given that cations are released and taken up along with phosphate during EBPR ͑Grady et al. 1999͒ and the phosphate cycling was more pronounced in the Cannibal-EBPR system than in the Control-EBPR reactor ͑Fig. 2͒. However, the concentration of cations in the reactors was not evaluated in this study, and therefore, a conclusive answer to this potential analytical error cannot be reached at this time.
Another possibility for the lack of phosphorus balance is that the interchange of mixed liquor between the SBR and the anaerobic chemostat created conditions that were favorable for the chemical precipitation of phosphorus in the Cannibal system ͑e.g., struvite formation within the anaerobic chemostat or other forms of insoluble phosphorus͒, and that the persulfate digestion procedure was not sufficient to solubilize the precipitated forms of phosphorus. The Control-EBPR system may have not favored the formation of phosphate precipitates, since it lacked the anaerobic chemostat. Although inorganic particulates did not appear to accumulate in the Cannibal-EBPR system, as judged by visual inspection of the walls of the reactors and the constant VSS/TSS ratio that was maintained throughout the operational period, the possible formation of phosphorus precipitates cannot be ruled out in the absence or more specific tests.
Effect of Sidestream Bioreactor
According to the results of this study, the incorporation of a sidestream bioreactor in Cannibal processes to treat a portion of the return activated sludge effectively contributes to a reduction in the net sludge yield of the treatment process. The reduction can be partially attributed to endogenous decay that may be enhanced by the long SRT of a Cannibal process compared to activated sludge systems that do not include a sidestream bioreactor. Nevertheless, when compared to biomass yields from the operation of the reactor with an infinite SRT ͑i.e., during Phase I, without WAS withdrawal͒, our results suggest that the Cannibal system achieved an additional 14-16% reduction in yield, so presumably mechanisms other than endogenous decay may contribute to solids reduction in Cannibal systems.
The potential role that the interchange of biomass between the activated sludge and the sidestream bioreactor may have on sludge solubilization in a Cannibal system could be compared to the solubilization achieved by treating a portion of the activated sludge with chemical ͑e.g., ozonation͒ or thermal treatment. The overall yield reduction is also comparable, as Böhler and Siegrist ͑2004͒ reported on up to 30% solids reduction when ozonation was used for biomass solubilization, and Camacho et al. ͑2003͒ reported 30-45% solids reduction with thermal treatment as the solubilization mechanism. However, an important difference between the physical-chemical solubilization processes and the type of solubilization afforded in a Cannibal system is that in the Cannibal process the microbial cultures are not destroyed during the solubilization process. Thus, one of the potentially unique advantages of Cannibal systems is the establishment of special microbial communities that contribute to the successful operation of Cannibal processes as nutrient removal systems. Such potential is illustrated in Fig. 2͑e͒ , in which it is shown that during Phase II, the Cannibal system dramatically increased its fermentation capacity. This could be the result of an increased population of fermenting organisms initially established in the anaerobic chemostat, but transferred to the SBR with the interchanged biomass. The increased ability to ferment the influent COD is in turn beneficial to EBPR organisms, since they have more acetate and propionate available for polyhydroxyalkanoate synthesis. Indeed, this is evident from Fig. 2͑d͒ , which shows a dramatic increase in phosphate release during the anaerobic stage of the SBR. The end result of increased fermentation and increased EBPR activity is that larger amounts of phosphorus could be stored in the activated sludge by PAO.
The interchange of biomass and the operation of Cannibal systems without constant removal of activated sludge may have the additional benefit of potentially allowing very slow growing organisms to increase their cell numbers and contribute to desired metabolic activities. This could be the case of fermenting organisms discussed above, or potentially other slow growing organisms of interest for nutrient removal, such as the anaerobic ammonia oxidizing ͑anammox͒ bacteria ͑Mulder et al. 1995͒, which perform autotrophic anaerobic nitrification and denitrification. In general, anammox bacteria are not contributors to nitrogen removal in activated sludge due to the relatively short SRT typically used, which does not allow for sufficient anammox biomass to accumulate ͑Dapena-Mora et al. 2004͒ . But with the retention of biomass that characterizes Cannibal systems, it is possible that such metabolisms could be enriched and successfully utilized to increase nitrogen removal from the wastewater. In this research, a nitrogen inhibitor was used, and therefore, the efficiency of Cannibal systems to achieve nitrogen removal awaits further investigation.
Conclusions
Sludge yields estimated from the lab-scale Cannibal-EBPR reactor were 14-16% lower than yields calculated when the SBR was operated as an extreme extended aeration system. The yield was estimated to be 16-37% lower than the yield observed in the Control-SBR operated with a 10-day SRT, assuming that anaerobic digestion is used to treat the WAS from the Control-EBPR system. The percent solids reduction without including postdigestion of WAS was 62-63%. Moreover, the ability to operate a Cannibal system as an EBPR process was demonstrated with labscale experiments. Thus, this research demonstrated that Cannibal systems can indeed perform the dual purpose of sludge reduction and phosphorus removal. The interchange of biomass between the activated sludge basin and the sidestream bioreactor in the labscale Cannibal system appeared to have contributed to the achievement of efficient EBPR. Increased levels of organic matter fermentation and of anaerobic uptake of COD in the anaerobic stage of the EBPR process were observed, presumably because the anaerobic environment maintained in the interchange chemostat facilitated the growth of fermenting bacteria that, when placed in the activated sludge basin, contributed to the formation of volatile fatty acids, and therefore, to an enhancement of the EBPR metabolism. The fate of phosphorus in Cannibal systems is still enigmatic. In the lab-scale Cannibal reactor, phosphorus accumulated within the system, but the measurements of total phosphorus could only account for 67% of the phosphorus load. Thus, further investigation is required to establish the long-term biological phosphorus removal performance of Cannibal-EBPR systems.
